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Introdyuetion

Pulse powsr systems which are capable aof delivering several
megajoules of electrical energy to experimental loads in a fraction of
@ microsecond are currently of interest in the scientific community for
driving a variety of plasma and pavticle beam loads. Practical
considerations of cost ard complexity frequently demand that system
devigners make use of primary power sources that are both compact and
econamical. Such conpact power sources as flux compression generators
and large relatively low voltage capacitor banks represcent econaomical
waya to make multi-magaj joule level energies readily available.
Unfortunately. large banis and generators invariable suffer from the
fact that their characteristic energy Jelivery times are much longer
than the time scales that are required for the erperiments. Thus
intarmeadiate power caompressian cystemz are vsvaliy a part of the
canceptual package. and concitioning techniques based upon inductive
tmagnetic) eneirgy storage represent economical. compact aperoaches
which caonmplement tha s17e and coet characteristics of these primary

power saurces.

The fundemaental challenge associated with the use of the i1nductive
power conditioning systems 13, of coursa., the aopening switch element
that 1s nesded to releaic enargy fram the store. and the fundamentally
long time scales of the:s primary enargy sources further complicate an
already Ji1fficult switching task. ALt present two opening switch
techniques which hava bean successfully dimonstrated at the magampere

leval arg. the electrically explcded fuse:, anu the mechanically or



explozively ruptured conductor switch. While fuse systems have
successfully conjucted currants of several tens of megamps. and have
interrupted these currents in about 200 nS while withstanding several
hundred kilavoléts (1), simplae circuit calculations show that fuses
designed for these interrupt times, exhibit very large losces when
requirad to conduct for 10°s of microseconds. And fuses properly sized
for long conduction time demonstrate uvnacceptably long interruption
times. Or. the other hand, ruptured conductor switches ("breakers”)
which can be sized to retain cold metal conductivity (and the
acvociated low logsses) in the presence of magamp current fFor long

periods cannot, in general. be opered in submicrosecond fimes.

A comparisun of the perfaormance of these twa types af apening
switches for long time scale systems is shown i1n the circuit
calculations presented i1n Figure 1. For this calculatian. a simplified
cirzuit consisting of a 10 MJ capacitor bank operating at 4C KV with a
45 microsecand quartar period is switchad into & 20 nH load Theses
bank parameters are characteristic of such systems as the Shiva Star
system 17 1t were connected ror “all parallel™ operavion. and the load
inductance 1s comparable to that of @ variety of plasca cr plagma
switrch esperiments currently under congsideration in the community. (2,3)
Twa mocdels of opening awitches 4are employed the "fuse" 18 described
bty an empevical model vor material vesistivity 4% @ function of
specific wnternal euergy (where i1nternal enargy 13 the result of ohmic

he@ating 1n the fuse) Resi1stivity daterminzd by the model is then

uded

te svaluate tuse reslstance From the known fuse geometry. Tre

"Urqakevr” igs described a9 a tuse af varylng cross—sactian The some



fuse model is employed but, in addition, the zross-section af the
conductar i3 reduced by an externally imposed function which
cpproximately describes tke Lurn of @ small high explosive (HE) charge
transvarise to the direction of current flow. The current traces in the
figure show a 2-3 micrasecond Tisetima for the current in the lcad in
the case of .he breaker and an almast 10 mnicrosecond risetime for the
fuse. In order to attain this relatively slow risetime for the fuse it
has been necessary to size the fuse so that it interrupts about 25%
before the full quarter period of the bank. And even with 2 relatively
slow risetime, the fuse delivers only about 75% of the current to the
load compared to that delivered by the breaker. However., even the
breaker (with a somewhat optimistic model) displays risetimaeg in the
load which are still lony compared to the 100-200 nS rise times
raquired for many lwads of current interest.

An abvious cpproach to this dilemma is. then, ¢to cogmbine the two
elaments in a "staged” swifching system in which tae ruptured conducter
switch carries the current which supports the magnetically stored
energy 1in the induckor for the relatively long period of timc needed to
“charge” tha i1nductar (rom a slow source. This “breaker” then agpens in
Cimas of a few micrasaecands. transfers current to anothaer switch
slament which may be a high current. high speed fuie. The fuse accepts
the cuyrrent during the mi:rasecond laong times required for the breaker
ta open. &nd to establish rtself as @ high resis-ance path capable of
supporting relatively high valtages. The fuse then opens 1n times
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characg tic of the Tast interruption already demongtrated 1n

previogus wark (&) Again 3lmple circuit calculations suggest that the



cambined breaker/fuse system can be designed so that each element is
called upaon to function weil within its aptimum parameters aof current.
currant dengity. and time.

The Air For:ze Weapons Laboratory., working jointly with Los Alamos
National Labgratory. has conducted a series of experiments directed at
exploring composite. or staged. switching techniques far use in apening
switches in applications which requir2z the conduction aof very high
currents (aor cuv-ranf densities) wifth very low losses for relatively
long times (several tensi of microasecands). ana the interruption of
these currents in much shorter times (ult mately a few hundred

nanggseconds ). This paper veports the results of thoce experiments



Experiment

The experiments consisted of a parallel combination of an
exaplosively driven current “breaker”, a high speed fuse opening switch
and & fixed inductance locad coil separated by self closing. low
induc tance surface tracking switches. Figure Pa shows the cirvcuit
employed in the experimental series. and Figure 2b shows a photagraph
of the assembled experiment. A relatively large. 1300 uF capacitor
bank. charged to 20 KV, was emplayed as the primary current source.
Energy from {he bank was ftransferred to a storage inductar of about 243
nH rcaching a peak value of almost 1.2 MA in g time of about 32
microseconds. The fimescale for the experiment was chosen because it
i3 characteristic of the final, high energy gain, portion c+# the
cperation of a multimegajoule flux compression generator or af a
relatively aimple multi-megajoula capacitov bank.

During the charging time of the inductor, the current path was
completed by current flowing in the explosively operated "breaker¥,
Gsi. The detonation of a miniscule explosive charge in the breaker,
which gtarts the switching process, was timed to coincide with the time
o9f peak current in the inductar. Upan intaerryption, the “"breaker"
developed a relativaely large voltage of about 18 kilovolts which was
imposed across a iow Inductance surface tracking cloesing suwitch. CS1,
causing the switch €o clouge In multiple channels and connaected the ¢use
in parallel with the now riging impedance of breaker. The initially
low 1mpedance of the fude path diverta curraent from the breaker path
Allowing the breakar to “recaver" electrical strength and increase in

impadance. As the currant flows in the fuse, howwever, the fuse begins



to heat. and melt: as in conventional fuse operation. After a few
microsecands the fuse vaporizes which results in a large increase in
the impadance of the fuse path. The rising impedance impresses a large
voltage across the now "recavered" breaker and across clasing switch.
€82, which has: up to this point, isolated the power condiktianing
system from the inductive load. C82 is also a surface tracking switch
whose parameters are selacted s0 that it closes at much higher voltage
than did CS1. The much higher vaoltage developed by oaperation of the
fuse compared to the initial charge voltage of the capacitor bank gives
rige to a much larger dI/d%t in the load inductor and greater pawer

delivered to the load.

txplasive Actuated Breaker

Far these experiments the breaker, which is an extension if a
design suggested by NRL (3}, consisted of & copper counductor .010%
thick and 15 cm wide. The conductcer was folded into a series of
hairpin sections as szhown in Figure 3 and was supported, and confined
by insulating polyethylens blocks. The "hairpin' bend of the conductor
surroynds a small (approx 7mm diameter) explosive zharge which may
consist of commercial detonator cord containing up to 300 grains/#¢
PETN Explosive charge) but which for this experiment was a
cylindrically extrudad form of commercial "Deta--sheet" explosive
congisting of about BOXL PETN by weight in a flexible binder. The
explosive charge is Jetomated in the center of the folded caonductor and
burns toward both ouftaide edges at a speed of about 7 mm/ulec in each
direction and rupturing the conductor In the process. The burn reachas

the outer edge aof the coanductor about 10 uGec aftaer detaomation. As the



burn approaches the ~dge of the strip the effective crass saction of
conductor presented to the current is reduced and the remaining
conductor begins to heat rapidly —— and eventually the coenductor malts.
and vaporizes. Thus the final interrupting action of the breaker is a
combination of a mechanical rupturing action and @ fusing action in the

rapidly reducing crass—3ection of the switch.

Surface Tracking Switches

The surface tracking switches in locations C81 and CS2 were
tailored to close in multichannel breakdouwns at 15-20 KV Poar the sﬁitch
in the fuse branch of the circuit, and at about 80 KV in the load
branch. As shown in Figure 4, the switches consist of a pair o#f
electrodes in normal atmosphere air separated by a dielectvic surface.
4 metal conductor located .015" to .040" below the surface establishas
the comporent of the gap electric field that lies perpendicular to the
surftace of the insulator. The breakdown voltage of the switch is, as
expected, a function of the electrode separatiaon. but i3 also a
remarkably stong function of the depth of the "guide" conductor and the
dielactric constant of the surface material. Howesver, when the switch
parametars are proparly chosen, very reproducible, low loss.
multichannel. low inductance breakdown of the gap can be achievad with

voltages of ten to hundreds af KV.

tuse Qpening Gwitch

The fuse opening switch, shown Iin the photograph in Figure 3. and
used in position 052 is representative of the high current, high spead

fuse technolagy which has been developed at the AF Weapons Laboratory



during the last 5 years. For this experimental sequence. the fuse was
aluminum foil material .001i" thick, shaped into two parallel strips
each about 10 cm wide and SO0 cm long. The fuse was configured in a low
inductance, flat, package with a wide, ridged conducter returning
current under the fuse. The foil material was surrounded by a "quench"
material of commercicl bead blasting material'composed of soda-iimae
glass spheres with a uniform diameter of abaut 100 microns. The quench
material serves to cool and condense the metal vapor from the expladed
fuse and prevents the vapor from heating to the point where significant

thermal ionizatiaon may Jlead to recoanduction in the fuse.

biggnostics

As seen in the photogtraph in Figure 2b the breaker and the fuse
are located on twn adjacent arms of a@a cross shaped transmission line
with the storage inductor and cable transmission lines to the capacitor
bank occupying the third arm and the “theta—-coil" inductive load
occuping the fourth arm. The connection befween the central line and
the breaker is hard bolted along the central axis of the transmission
line and the closing switches £81 and CS2 comprise the connecions an
the fransverse arms. Current measurments with Rogowski coil are made
érouynd each aof the four arms of the line, and voltage measurements are
made with capacitive valtage probes aon the ceuter cd# the line, an the
fusa. and an the load sides of CI31 and C82.  In addition, voltage
measuremants made with a shunt resistor and current transformer were

made fram the center of the line.
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Results

The experimental configuration was chosen to maximize ease of
aperation and measurcmens and hcnce no effort was made to achieve
marimum circuit efficiencias in either the overall system or %he
individual components. The detailed cquivalent circuit for the
experiment is shown in Figure & where the series resistance of che
bank, and the intrinsic inductance of the elements have been included.
Figure 7 shows current recorded at the storage inductor ("A") and the
current observed through the breaker branch of the circuit (“B").
Currents A eand B are seen to rise together to a peak of about 1.2 MA in
31 microsecands. {or comparison the analytic solution fov the RLC
circyit a2quivelant to the loop which charges the storage inductor is
also plotéed showing that the system current is virtuallygy the “"short
circuit® current until the impedance of the breaker begins to rise
significantly at 33 microseconds after the beginning of the current.
After the breaker begins to interrupt, the breaker current is seen to

decrease very rapidly in 5-4& microseconds.

During the rise of current in the storage inductor, the voltage
acraoss the transmission line, shown in Figure 8/ remains relatively
canstant at about 4.5 KV, The valtage acrass the resistive compunent
of the breaker impedance is also plotted in Figure 8 Thig component
is found by subtracting the contributic ) due to the 80 nH inductance of
the breaker from the measured “"line" voltage. It i3 seen ta remain
vary low until the rupture of the breaker is begun by detonation of the

HE at about 24 micrnsecands. The resistance of the breaker, computoed



from the ratio of the resistive compaonent cf the breaker voltage to the
current ("B") in the brecker branch, is shown in Figure 7. ¥Figure 10
shows the same resistance data on an expanded resistance scale to show
the early time bebavior of the breaker. {rom the initial rise of the
current to the initiation of the small HE charge in the center of the
breaker at 24 micraseconds, the breaker resi:tance is virtually
constant at 2.3 milliohses. This, somewhat tricky, measurement compares
vary favorably witt the 2.3 milliohms that is expected for the 4 meter
long strip oé¢ . 010" copper fall which comprises the breaker. After. the
initiation of the charge., the resisCance is seen to increase: first
slowly, then mc.e rapidly as the outward burning HE charge disrupts the
conductaor, reducing the current carrying cross-section, At 34
microgseconds the 7am uSec burn of the HE has ruptuved 7 of the 7.5 cm
half -width of the conductor, leaving a conductur cross-section of 1 cm
X .0i0" to carry fully 1 MA of current. Simple "action integral"
calculations shows that under these conditiong the copper conductor
will reach burst specific action (1. 4E? A*2%x8ec/cm™4) in less than 1
microsecond. Thus from 34 to 3% microseconds, the remaining conductor
is rapidly vaporized while still being disrvrupted by the HE burn, and
Figure 10 shows the rapid increase i:. breur . resistance accompaning
this orocess. The total disvupted length of Che bircaker is about 8 cm
and noting that resistivities of about 500 micro-ochm cm are common in
electrically exploded coanductors (&), the 1 cm wide section would be
expected to display a2 resistance of about 0.4 ohms. Ag discussed
below, the se=ond (larger) valtage peak in Figure d is the result of

the fast intervuption aof current by the gecond stage (fuse) switch, and
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a time correlated (but very small) peak is observed in current “B" in
Figuro 7. Figure 7 shows that the peak resistance of almost 1.3 ohas
is observed to occur simultaneously with this second peak. The
subsequent drop in resistance to about 0.5 ohms may be a real
observation af the beginning breakdown or “regtrike" in the bLreaker,
but is more likely =n ineccuracy in the measurements caused by the naed
to take the ratio between voltage and current when both have been
reduced to vary small values by tha ooeration of the circuit, In
either case, the 1.3 ohm resistance abserved in Figure 9 is an
indication af the significant improvement resulting from the HE

disruption of the breaker conductor.

Figure {1 shows, on an cxpanded time scale, the bOreaker current
“B" during the intarruption: the current, “C", rising in the fuse
branch, and the (normalired) voltage across the transmission lineg
during the time when currant is transferring from the breaker branch to
the fuse branch. A€t about 37.7 microsecands the surface tracking
switch closezs, as shown by the onset of curvent In the fuce “C" ( and
by abrupt changes in current "B" and in the voltage). WValtage
measuremants made across fthe surface tracking switch result in
approximate measura of the closing switch impedance and rough
dpproximations of the (time chaiging) inductance of the switch which
range from 39 -~ 75 nH. At this time about 900 KA is flowing in the
storage inductor aes measured by both current "A" and "D"., and applying
flux conservation to thy two loop transver process predicts currcnts
from 400 to 700 KA in the combined inductance of fuse and closing

switch depeanding upon the value chosen for switch inductance. Tihus the



measured value of peak fuse current of 4&80-690 KA obgcerved in Figure i1
fallu well within the range predicted by simple time indecpendent
circuit madeling. The fuse size was chosen to carry current for 6&-7
microseconds before vaperization in order to alleow time for the
virtually complete transfer af current out of the breaker branch.
Figure 12 shows the (again expanded) curvent in the fuse and the
voliage across the rezistive camponent of the Pfuse impedance. As in
the case of the breaker, the voltage from the resistive component is
found from the measured fuse valliage corrected for the SO nH inductance
of the fuse. and Tigure 13 shows the impedance of the fuse from the
ratio aof the resistive fuse voltage to the current in the fuse branch.
Based on the 50 cm X J0 cm dimensions of the .001" sluminum fuse, thz
initial resistance is expected to be about 3 milliohms which compaves
very favorably with (he measured data. Asruming the samec 500
microohm~cm resistivity comman to fast fuse vapor, the final resistance
would be expectad tao be about 0.5 ahm. The somewhat larger values
observed in Figure 13 where the resistance is gean to ricc to abaut 1.5
ohmes before the measurament luses significance can be attributed to the

rapid tranafer of current into the approximately 20 nH fixed inductive

ioad.

Figure 14 ghows the current ("D") tvansferrwd to the Piced load
displayed on aw caxpanded time scale. At 42 microsecands after cuvrent
rise, when current begins to ri-e in the load, the current in the
storage inductor is (frum Figure 7) about &44 KA. Applying the same
range of cloving switch inductances observed in the treaker loop, Plux

conscrvation predicts curvents between 4Y0-500 KA in the luad loup.
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And this agailn correspondi well to the 470 KA obsérvod in Figure 7.
Most significant, however. is the rise-time of the current in the load
which is seen to be less than 500 n8. Thus the cverall time
compression of the system from the slow charge current to the current

ris¢ in the load is zeen to be a factor of more than 70.



Canclysion

This relatively simple experimental sequence demonstrated the
viability a¢ using a staged configuration of breakers and fuses to
accaomplish pulse compraession from tens to tenths of micreseconds with
current efliciencics that ?all well within those predicted by simple
circuit considerations. The arrvangement of the breaker and fuse
employed in these experiments Jdo not represent an optimized
condiguration for & compact, low caost system but arriving ct a
sultable configuration is judged to be straight Porward. Anather
important result of the experiment, is the extremely succecsiul
performance of the breaker which produced about 30 KV upon curraent
intervuption but which readily withatood mare that 100 KY after about S
microseconds of commutation time or at least a factor Aaf S increase in
holdoff strength. The obvious extension of this approach i¢ a that of
an integral breaker/fusec unit in which the “variable crosg-gsection"
nature of the breaker’s cporation is optimized to accomplish both

switching operations in one package.

The vxpariment (lgavrly demonstrated that the staged combination aof
breakers and fuees can be an effective method for compressing the
output pulewe of elow: high current systems such as flux compression
generatorvy and large slow capacitor banke in a way far more cffective

than divect applicat ian af fuses alone.
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